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ABSTRACT

A theoretical and experimental investigation of mixing and
supersonic combustion is presented. A review of the problem under
investigation is given in Section I. Then an analysis of inviscid flow
fields with a finite rate chemistry for a hydrogen-air reaction is
Presented in Section II. In Section III, an analysis of a turbulent
mixing for flows with large density gradients with no chemical reaction
is presented. The analysis is compared with the experimental results.
In Section IV, the results of the experiments in supersonic combustion

are presented.
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SECTION I

INTRODUCTION

In recent years the problem of combustion in a stream which
moves at supersonic velocity has attracted the attention of several
groups of investigators. One of the practical motivations for research
on this problem is the hypersonic ramjet employing supersonic com-
bustion. In the studies of the detailed processes involved in the releasc
of chemical energy in a supersonic stream two modes of combustion
have been considered: detonations which are controlled by a wave
mechanism and supersonic diffusion flames which are controlled by

mixing of the fuel and oxidizer.

Consider briefly these two modes; in detonation the oxidizer and
fuel are completely premixed upstream of the combustor in a region of
the flow wherein the static pressure and temperature are sufficiently
low so that essentially no chemical reaction takes place. When the
stream of premixed gases arrives at the combustor, it encounters wave-~
which produce an increase in pressure and temperature and which
initiate chemical reaction. Initially the waves are generated by the
geometry of the combustor; however, the wave pattern is directly
influenced by the heat release so that under steady operating conditions
the geometry, upstream flow conditions and heat release are intimately
related. Indeed, after steady combustion is established the geometry
of the combustion could possibly be altered so that a self-sustaining wa-

pattern is achieved.

This detonation mode of combustion in supersonic flows has bee
studied by Gross and Chinitz(l-l), Nicholls(l—z)

(I-3, -4) i .
. It is related from a fundamental poinf

» and more recently by
Rhodes and co-workers
of view to detonation waves which have been studied for roughly 80 year .
(cf. reference I-5 for a recent, exceilent review of the research per-
taining thereto). While this mode of combustion is of considerable

interest for the investigation of the fundamentals of chemically reacting

Manuscript released 23 November 1962 by the authors for publication
as an ARL Technical Documentary Report.
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flows in general and of chemical kinetics in particular, it scems from
the available experimental results that it will be difficult to apply in an
operating engine system primarily because of the aforementioned inter-
dependence of camhugtor geametry and of aerodynamic and heat release
effects. Indced operating limits associated with combustion instability

may be expected in an engine system employing this mode.

The second mode of combustion, the supersonic diffusion flame,
involves a fuel jet in a supersonic oxidizing stream, as shown schemati-
cally inFigureI-1. The processes of mixing and chemical reaction are in
general intimately connected, the reactants at first mixing and then
combining so as to release chemical energy. It will be recognized that
this mode is analogous to the fuel jet in low speed flow, apparently first
treated in 1928 by Burke and Schumann(I-b) (or see reference I-7). As
in all viscous flows involving chemical reaction it is instructive to con-
sider two characteristic times, one associated with diffusion Tp and one

with the chemical reaction, The diffusion time can be associated

e
with the time required by a fluid element with the external stream
velocity ug to travel the distance in which the velocity at the axis is
close to that in the external stream, The chemical time can be esti-
mated from the kiretic rates under the assumption of infinitely fast
mixing. In the treatment of low speed fuel jets it is implicitly assumed
that 1y >>7. so that effectively equilibrium chemistry prevails, i.e.,
so that diffusion is rate controlling. In a practical supersonic diffusion
flame Tpy and T. can be of the same order for some flow conditions;

therefore, in the analysis of the combustion process the interplay of

chemical and fluid dynamic effects must be considered.

There are a variety of fluid mechanical and chemical problems
which must be considered in achieving an understanding of the basic
features of this mode of combustion. There has been under way for
several years research on these problems at the Aerodynamics
Laboratory of the Polytechnic Institute of Brooklyn (PIBAL) and at the
General Applied Science Laboratories (GASL). It is the scope and
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FIG. I-1.

Schematic Representation of Flame Showing
Coordinate System,
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purpose of this paper to review some of the fundamental aspects of this
research cffort including the progress to date, and to indicate problem

areas requiring additional research.

For purposes of orientation it may be instructive to consider
some of the overall aspects connected with the hypersonic ramjet
employing supersonic combustion. In the discussion of reference 1-8
at the First ICAS, the first author suggested for the first time the use
of deflagration or diffusion flame in a supersonic combustor. This
idea was developed further in reference I-9 where the first author pre-
sented a detailed discussion of a hypersonic ramjet employing hydrogen
as a fuel with this mode of combustion. It was shown therein that such
a ramjet can produce a large thrust per unit frontal area and can
operate at a high specific impulse even at hypersonic speeds, Figirz1-2
is taken from reference I1-9 and provides the results significant for
present purposes. Other studies of various aspects of hypersonic
ramjets employing supersonic combustion are discussed in refer-

ences I-10 and ~11,.

It is fundamental to the operation of such a ramjet to decelerate
the flow in an inlet from the flight Mach number to a supersonic value
such that at the entrance to the mixing region the static temperatures
are in the range of 1000 to 2000°K. The hydrogen fuel is injected
parallel to, and in the downstream direction with respect to, the air
flow. Mixing and heat release occur ir the combustor, by coatrolling
the mixing and by changing the cross-sectional area availale to the
flow, the pressure distibution in the mixing region can be controlled
so as to avoid shock formation. A nozzle connected to the combustor
expands the combustion products to obtain gross thrust from the engine.
In view of the specific impulse which can be realized with hydrogen as
a fuel, research at PIBAL and GASL has been ccnfined to the hydrogen-
air system; only this system will be discussed explicitly herein although

many aspects of the discussion wouid apply to other fueis,

™
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The investigation of supersonic diffusion flames is complicated
by the simultaneous occurrence of fluid mechanical and chemical
effects. After mixing of fuel and oxidizer

o
________ ter m ng >

heat release and, therefore, produces large chiinges of density and
pressure. In a supersonic combustion process the pressure variation
propagates in the flow through a wave mechanism in a diffused medium.
A complete analysis of such processes is complex and, therefore, many
simplifications are required to increase the understanding of the
Phenomena. For a large range of static pressure and temperatures
important for practical applications, the reaction process is much
faster than the diffusion process. In this case the effect of transport
properties during the time in which the chemical process takes place
can be neglected in the first approximation, and the concentration of all
elements along a given streamline can be assumed to be constant,
unaffected by the diffusion process. Then the chemical behavior along
the streamlines can be considered an inviscid phenomenon. Pressure
and density can change along the streamline; therefore, chemical .
reaction with variable pressure must be analyzed. The results of this
type of analysis will indicate for what range of problems this assumption
can be accepted. If this assumption is sufficiently accurate, the mixing
process can also be analyzed in a simplified form by assuming that the
chemical reaction is infinitely fast with respect to the mixing process.
Then the flow everywhere is in chemical equilibrium; however, the
mixing may occur with pressure gradients in all directions. The
combustion process that is of practical interest is one which avoids
formation of shock waves in the flow; therefore, the analysis of
heterogeneous mixing, i.e., of fuel and oxidizer, with constant pres-

sure is of great importance. However, the mixing rate and heat

release must be controlled and related to the shape of the combustor

in order to achieve constant pressure,

Following this line of investigation this paper is organized as
follows: Section Il is devoted to the analysis of inviscid flows with

finite rate chemistry, to a discussion of the mechanisms in the




hydrogen-air rcaction, and to the description of the relation between
combustor shape and mixing process required to avoid shock formation.
Section III is concerned with turbulent mixing in flov.s with large density
gradients due to large differences in temperature and in concentration
of light gases but with either no chemical reaction or with equilibrium
chemical behavior. Finally, the results of experiments. which employ
the hypersonic facility of PIBAL to investigate the combustion of

hydrogen in a supersonic stream, are discussed in Section IV.

The authors gratefully acknowledge the support and cooperation
of the Air Force organizations and the efforts of Mr. Samuel Lederman,
Mr. Louis Alpinieri, Mr. Gdalia Kleinstein, and Mr. Herkert Fox, and
of Mr. Harold Pergament. In addition, the authors acknowledge with

thanks helpful discussions with Professors Manlio Abele and Lu Ting.

SECTION II
INVISCID F'.OWS WITH CHEMICAL REACTION

As part of the investigation of supersonic diffusion flames with
the hydrogen-air system. there is considered herein the mechanisms
and kinetics involved when mixing and diffusive effects are absent. These
considerations correspond to the assumption, either of premixed fuel and
oxidizer or to the other limit wherein chemical reaction is so fast with
respect to the diffusion process, so that the diffusive effects taking place
during the combustion process can be neglected.

The problem of inviscid gas flows with non-equilibrium chemical
behavior has been studied intensively in the past several years. Primary

attention has been devoted to non-equilibrium air flows around bodies in

hypersonic flight and through nozzles of hypersonic test facilities, Recently,
nozzle flows involving combustion products of interest in high-performance
propulsion devices have been considered because of the practically impoxrtant
differences in gross-thrust associated with the limiting cases of frozen and

(T1-1)

equilibrium flow. Olson provides a recent review of these latter flows.

In all of the analyses of non-equilibrium behavicr for propulsion

the flow fields and the thermodynamic behavior of the gases have been

7




idealized. The flow is treated either as one-dimensional with the area-
distribution of the nozzle specified or is considered along streamlines
with the pressure distribution specified. As will be discussed in detail
below, the latter idealization appears to have several advantages. With
respect to the thermodynamic behavior of the combustion products,
there will be assumed thermodynamic equilibrium, i.e., full rotational
and vibrational equilibration of all molecules at a local translational
temperature which is the same for all species. In addition, the forward
and reverse rate constants are assumed to be related by the appropriate
equilibrium constant. Tt is generally considered that these assumptions
are satisfactory in view of the inaccuracy with which the mechanisms

and rates associated with practical fuel-oxidizer systems are known.

1. REVIEW OF RECENT RESEARCH

Consider now the available results of theoretical calculations
applicable to the hydrogen-air system. The fundamental paper is that
of Duff('T‘I-Z) who carried out calculations of the reaction profile behind
a detonation wave satisfying the Chapman-Jouget condition in a hydrogen-
oxygen mixture, Duff attributes the individual reaction steps and the
relevant rate data to N. Davidson. This research was continued at

(Ir-3, -4); experimental research confirmed

Los Alamos by Schott, et al.
in general the overall accuracy of the chemistry. In reference II-5,
Libby, Pergament, and Bloom presented the results of reaction histories
for hydrogen-air mixtures at constant pressure using the chemistry of
Duff and nitrogen treated as an incrt diluent.* Recently, Westenberg

(II-6) carried out one-dimensional 10zzle calculations for the

and Favin
hydrogen-air system and for a second mixture corresponding to rocket
exhaust gases. A range of pressures in the settling chamber, a single

stagnation temperature of 3000°K and two equivalence ratios were

“Some of the results of thesc and similar calculations will be discussed
in detail helow.




assumed There was obtained the expected effect of pressure, namely,
that the fiow tends to remain near equilibrium when the pressure is

high and to depart from equilibrium, indeed to freeze effectively at some
point downstream of the throat, when the pressure is low. Also of

tenberg an A Travelon mamed
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interect wag o reeult, found pendent! enberg and Favin and
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v by Wces
by the prcsent authors as discussed below, concerning the behavior of
the intermecdiates atomic hydrocen and the hydroxyl radical under
essentially frozen conditions. It is found that in an cxpanding flow at
sufficiently low pressures so that the three-body reactions are frozen,
the intermediates do not recessarily have concentrations between their

frozen and equilibrium values.

(Ir-7)

Finally, Momtchiloff, et al. carried out calculations for
constant area combustion of hydrogen and air. A range of initial con-
ditions of pressurc, temperature, velocity and equivalence ratio were
covered although to reduce computing time, the reaction profiles were
not carried to equilibrium. In this work several nitrogen-oxygen
reactions leading to the formation of nitric oxide {(NO) were included
in the reaction steps but were found to be unimportant below 2200°K,
justifying in part the assumption employed herein of nitrogen as a

diluent.

As discussed in more detail below, the reaction steps and the
rate constants for the above references are essentially the same as
those given by reference II-2. The rate constants differ somewhat but

ES
probably only within the accuracy to which such data are known,

After completion of this manuscript the attention of the authors was
called to the rccent paper by Fowler, R. G., "A Theoretical Study of
the Hydrogen-Air Reaction for Application to the Field of Supersonic
Combustion, " Proceedings of the 1962 Heat Transfer and Fluid
Mechanics Institute. Stanford University Press. There is presented
constant dens:ty caiculations employing chemical mechanisms and
rates simiiar 1o those described therein.




2. ANALYSIS ALONG STREAMLINES - GENERAL CONSIDERATIONS

To indicate in more detail the characteristics of the hydrogen-
air reaction in a flowing system and the methods of analysis for inviscid
flows, the pertinent gas dynamical equations, tle reaction steps, the
rate constants, and some numerical results will be discussed. Con-
sider the inviscid, steady flow along streamlines of a chemical reacting
gas involving N species and L elements. The conservation of

momentum, energy, species and elements can be stated as follows:

Momentum
dv dp
vV =~ = - =& II-2.1
P ds ds ( )
Energy
N
dH _ - 2 ' _
I = 0 H = (V3/2) »)H Y:h (11-2.2)
1
Species
dy. .
oV —~ =w,, i=1, 2, -+ N-L (11-2.3)
ds 1
Elements
ay.
—1 =0, j=N-L+1,.--N
ds
N
Yj s Z LJijiji/wi (11-2.4)
i=1

These equations are supplemented by algebraic equations: An equation

of state

p=oR T ) Y. /W =poR T/W; (I1-2.5)

10




the creation terms as functions of composition and state; and the species

enthalpy-temperature relations h.1 = hi(T) E

The form of the creation terms is

K N /
- Y vk 3 TT tr./wy N
W= Wy I A AN S U j
=1 =
where
m, N ; il'
G.=1-p 'K TT (v /wy ™Y
J C’J 1:1

and where k. is the specific raze constant, KC j is the equilibrium
3

constant based on molar concentrations, and \;”J and \) i are the

stoichiometric coefficients for the j th reaction

N j XN
) VM, ——> ) V.M j=1,---K
i= i=

(I1-2.6)

(11-2.7)

(11-2.8)

Basically, these equations have been employed to date in all

inviscid calculations with non-equilibrium chemical behavior.
nozzle flows, the system of equations is usually completed by the

assumption of one-dimensional flow so that pVA =m with the area

distribution prescribed.

St

‘In the calculations reported here linear relations between h; and T have

been assumed. This corresponds to taking an average ¢
temperature range of interesi ond leads through Eq, (II- 52)
venient, explicit relation for temperature T = T(Y » V2,
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This approach does not permit generalization to more complex
flow field calculations, for example, performed in connection with the
method of characteristics. In such analyses the physical properties
such as pressure and density are determined along any given stream-
line, and not streamtube area. For these reasons herein the pressure
distribution is specified along the strearnline under consideration, as

(I1-8)

suggested by Bloom and Steiger in connection with non-equilibrium
dissociation and recombination in external, hypersonic flows. This
also completes specification of the problem, i.e., given initial condi-
tions at a generic point (s=0) the distribution of flow composition and

state variables with respect to s can be found by integration.

It is perhaps worth while at this point to make some remarks
about several numerical problems which arise in the treatment of the
above equations. The number of differential equations which must be
integrated with respect to the space variable s can be reduced by
employing the element conservation equations [Eqs. (II-2.4)]. These
can be integrated immediately and provide L algebraic equations among
the N species, so0 that only N-L equations involving creation terms
need be considered. However, in many calculations the mass fractions
of the intermediates can be many orders of magnitudes less than the
mass fractions of the major constituents. As a result the solution of
the algebraic equations can involve a loss of accuracy due to the
practical problem of small differences in relatively large numbers.
Similar difficulties can be encountered when the flow is near-equilibrium;
the creation term in Egs. {II-2.3) represents in general the sum of
differences between the forward and backward rates associated with a
series of reaction steps. At equilibrium in afiowing system with
pressure and temperature changes, the net result of the sum is non-
Zero but can involve small differences and thus a loss in accuracy.
Another numerical problem is rclated to starting the integration in
some cases; in nozzle calculations the combustion products in the settling
chamber or cumbustor are usually assumed to be in equilibrium:; but at

equilibrium the creation terms must be considared indeterminant in that

12




a large reaction rate multiplies a quantity wh:ich is the equilibrium
condition, i.e., a quantity which is essentially zero. The product
yields a value of \31'i maintaining the species concentration at its equi-
librium value at each point in the flow. Thus integration from an
cquilibrium state involves a singular perturbaticn such as has been

discussed by Bloom and Ting(H—g), Hall and Russo(H_lo) and

Vincenti(H—ll), However, it has been found possible in actual calcu-
lations as per the present report and in references IT-6 and -12 to start
the integration from a nominal equilibrium state with an initial step-
size which is smaller than that usually required by integration accuracy.
After a few integration steps, the effect of the numerically uncontrolled
start is found to disappear and the solution of the differential equations

becomes a well-behaved approximation to equilibrium flow. which is, of

course, described by a solution to a set of algebraic equations. Finally,

it is remarked that computing time with standard accuracy requirements
for the selection of step-size can become excessive even for high speed
computing equipment when the flow is near-equilibrium, This is due to

a tendency for the solution to oscillate about the equilibrium solution,

3. THE REACTION STEPS AND REACTION RATES

The reaction steps and rate constants used here are derived
from the work of Duff and co—workers(H_2 to -4). The same chemical
reactions suggested by Duff have been used independently by the several
investigators cited above; thus it currently appears to represent the
best available set of reactions for the hydrogen-oxygen system. Here
and in reference II-6 nitrogen is treated as an inert diluent: this
assumption as shown in reference II-7 is considered valid for temper-
aturzss below roughly 25000K. It is worth mentioning at this point that

the temperature range of interest in supersonic combusticn appears to

po

A detailed discussion of numerical difficulties associated with
calculati Sl%f non-equilibrium nozzle flows is given by Emanuel and
Vincenti'~" The current state of development for air calculations
is indicated in reference II-13,

13




be below roughly 3000°K; this is within the range covered by the shock
~4)

tube experiments of Schott et al. (-3, and only somewhat above

the temperature obtained in detonation experiments, e.g., Nicholls(H—M)

(II-15) . These experi-

and in laminar flame experiments, e.g., Fine
ments do not verify and establish the individual reaction steps and
reaction rates but have verified partially the overall consistency of

the ensemble required for practical analysis.

The reaction rates considered here are as follows:

ke
-8810/T
1 H+ O, -~ OH+ O 3(10*4)e /
L. -4030/T
2 O + H, -~ OH+H 3{10*%)e
-3020/T
3 OH + H, - H,O+H 3(10*%)e /
-3020/T
4 20H ~ H,0+0 3(10¥%)e /
RR No. 1 No, 2 No. 3
5 2H+M -~ H, +M 10 5(10%°%)  1(10%%)
6 H+OH+M-HO+M 10'° 107 3{10%7)
7 H+O +M-> OH+M 108 10t6 3(101€)
8 20 + M - Oy, +M 3{1¢*4)

(II-3.1)

The temperatures are in OK; the forward rate constants, i.e., for the
reaction proceeding to the right are given in (mole/ccfl sec_1 for
second order reactions (1-4) and in (mole/cc)-a sec—1 for third order
reactions (5-8); the symbol M is used to denote any molecule or atom
serving as a third body. As will be discussed in detail below, the
rate constants for rcaction steps 5 and 6 play an important role at low

Pressures in determining the chemical history of the flow; therefore,

14




several values thereof have been selected. Those denoted RR No. 1
and RR No. 2 represent the range of probable values estimated by

Schott(n-3) while RR No. 3 are values considered possible on the basis
of more recent combustion results. The rate constants for the reverse
reactions are obtained from the equilibrium constants approximated as

functions of the temperature in the form BeA/T.

To indicate the range of values of the reaction rate constants
employed in related theoretical studies there are compared in Table II-1
the rate constants for reaction 5 employed therein; this reaction is
selected as being an important but typical one in the array of reaction
steps, It will be noted that in references II-3, -6, and -7 a different
relation between the temperature and k. has been assumed. However
in the temperature range of 1000 to 3000°K the numerical values given
by the different expressions are within an order of magnitude; this is
indicative of the accuracy with which these physical-chemical data are

known,

TABLE II-1
Reaction Rates for Hydrogen Recombination

2H+M—°H2+M

kg {moles/cc) -2 sec™

Present Report RR No. 1 1058

RR No. 2 5(1015)

RR No, 3 1.2(10'8)
Reference II-3 1015 to 5(10% &)
Reference II-6 21008yt
Reference II-7 5(1015)T—%

The reaction steps described by Eqs. (II-3.1) can be separated

into two groups: the second-order or "shuffling" reactions (1-4) which

15




proceeding to the right deplete the population of molecular oxygen and ;
hydrogen and lead to the formation of water and of the intermediates, ‘
atomic oxygen and hydrogen and the hydorxyl radical; and the third

order reactions {5-8) which proceeding to the right deplete the inter-

mediates and lead to the formation of water and molecular species.

This complex array of forward and reverse reactions makes difficult,

if not impossible, a priori estimates of chemical behavior in general

and of chemical times in particular.

4. NUMERICAL RESULTS FOR CONSTANT PRESSURE

It is instructive for an understanding of the kinetics involved
in the supe.sonic combustion of hydrogen to consider the reaction
history of the following flow model: a mixture of hydrogen and air at
time zero at an initial temperature of 1000°K or higher. The pressure

is assumed constant with time,

In the calculations presented here, some cf these results are
taken from reference II-5; the additional calculations have been per-
formed by H. Pergament and will be reported "in extenso' elsewhere,
the initial state of the gas is assumed to correspond to a partial
equilibrium between the atomic and molecular species of oxygen and
between the atomic and molecular species of .ydrogen. The results are
not significantly altered if the initial concentrations of the atomic species
are changed somewhat; relatively large concentrations of atomic hydrogen

would of course change the early phases of the reaction histories.

Consider the temperature histories {or some typical cases
based on this model as shown inlticuresli-lz-¢ and as computed by a
standard integration program on an IBM 7090 computer. Presented are
the results for three pressures, for scveral equivalence ratios™ and for

the three ratcs of reactions 5 and 6 as discussed in Section II-3 above.

“The equivalence ratio. denoted as n , is defined by the chemical equa-
tion for the reactants; namely, O_ + ZvHE +3.76 N2 - products.
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FIG. II-1lc. Temperature-Time Histories of Hydrogen-Air Mixtures
at Constant Pressure,.
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These temperature histories are charact»rized by two time periods;
there is an 1nitial time interval. usually termed the induction time and
denoted TS during which the temperature remains sensibly constant,
and a later phase, during which the temperature increases from its
initial value T, to the final temperature T, the latter corresponds in
this model to the adiabatic flame temperature (reference II-17). The
time associated with the second phase is termed here the energy release
time and is denoted T thus ToET RT Under conditions of high
initial temperature and low pressure the second time interval dominates

1NNNOWY
FRVAVAV gt o

[¢]
—

while under conditions of relatively low initial temperatur
and high pressure (4 atmospheres) the two time intervals are of roughly
equal duration, This last result appears not to have been observed

bt by

previously.

The changes in composition during these periods are shown in
representative cases inYinguxs,]-2a-f, Of greatest thermodynamic
significance because of its high species enthalpy per unit mass is the
behavior of the atomic hydrogen: during the induction phase the con-
centration of H and the other intermediates O and OH increases rapidly
and reaches a maximum corresponding to mass fractions of the order
of several percent or less, At the same time the molecular species,
O2 and H, are depleted and water is formed. However, the chemical
crergy released by the formation of water 1s effectively absorbed by
the atomic hydrogen so that no significant change in temperature occurs.
During the second time period the intermediates decay to their appro-
priate equilibrium values releasing chemical energy and leading to the
temperature rise seen inkiiaresli-la-c. It should be noted that at the
end of the induction period the major constituents are close to their
equilibrium values; during the second period the decay of tne inter-
mediates leads to only secondary adjustments in the concentrations of

the major constituents.

This behavior is explicable in terms of the reaction steps given

by Egs {II-3.1) During the induction phase the two-body or "shuffling"

20
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reactions are relatively fast and lead to an overproduction of the inter-
mediates; during the second period, the third-order reactions lead to

sacombination and depletion of the intermediates with the accompanying
energy release. This characteristics of the hydrogen-oxygen reaction
was apparently published first by Duff(n-z). The results presented

here confirm this behavior over a variety of initial conditions.

It is of interesi to note that at low pressures the overall reaction
time is sensitive to the recombination reaction rate, e.g., for p=0.2
atmospheres the overall reaction time is 15 times less for RR No. 3
than for RR No. 1. On the contrary, for p=4.7 atmospheres these times
differ by only a factor of three. It must also be noted that for static
pressure of the order of one atmosphere or higher, the energy releaze
time is short; therefore the difference between the results for different
reaction rates is not important for practical applications., However,

this is not the case at low pressures.

5. THE INDUCTION PERIOD

In the past considerable attention has been devoted to the time
X . . . . . -4
associated with the induction period; for example, Schott and Kmsey(u )

and Nicholls (I-14)

respectively techaiques associated with the shock tube and standing

present the results of experiments, employing

detonation waves, to show the dependence of T, on pressure, temper-
ature and composition; in both reference theoretical considerations based

on the reaction steps were employed to facilitate correlation of the data.

A conwenient formula which can be used for estimating T within
a factor of two or three for mixtures with equivalence ratios on the order

of unity can be obtained by simplifying the functional form suggested by

Nicholls and by employing coefficients selected from the present numerical

results, With T defined as the time at which the computed temperature

starts to rise significantly, there is obtained
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10%/T.
pr, = 45(107")e i

(I1-5.1)
where T is in y sec, p in atmospheres and Ti in °K. In Fignre II-3 the
numerical results are compared with the predictions of Eq. (II-5,1); it
will be seen that within the cited factor of two or three the correiation

is satisfactory,

From Figures II-la-c and from I1-3 it will be noted that the
induction time is not greatly altered by changes in the equivalence ratio
nor in the reaction rates for recombination, By assuming the third
order reactions to have a negligible role and the temperature to be
constant during the induction period, it is possible to make estimates
of the composition at the end of the induction period. Such estimates

(I-3) ,hd were shown to be in good agreement with

were made by Schott
more complete calculations and with shock tube experiments. The
calculation assumes that at the end of the induction phase there exists
a partial equilibrium state corresponding to equilibrium of any three
of the two-body reactions (1-4), In addition, since these dominant
reactions involve no change in moles of gas, and since the temperature
is approximately constant, it can be assumed that the molecular weight
of the mixture remains constant during the induction period. The
resulting three equilibrium conditions, the statement concerning
molecular weight, and element conservation determine the mass

fractions of all species. The parameters involved in such a calculation

are mn and Ti ; the pressure does not enter.

In Figure II-4 the mass fractions of atomic hydrogen at the end
of the induction period as computed by this scheme are shown for a
range of initial temperatures. The calculations were carried out on a
Bendix G-15 computer and involved solution by a combination of iteration
and Newton-Raphson methods of a set of algebraic, nonlinear equations.
Mr. H. Fox carried out these calculations. Also shown are the
maximum values of Y, obtained from the computer program. The
satisfactory agreement will be noted; similar agreement is found for

the remaining constituent,
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6. APPLICATION OF PARTIAL EQUILIBRIUM FOR ESTIMATES OF
THE ENERGY RELEASE PERIOD

As a result of the estimates of the induction time and of the
scheme described above for approximating the composition at the end
of the reaction period, it is possible to consider a further approxi-
mation applicable to the energy release period. The basis for the
approximation resides in the coexistence during this period of second
and third order reactions, i.e., those corresponding to reactions 1-4
and to 5-8, respectively; if it is assumed that the former are suffi-
ciently fast relative to the latter so as to maintain during the entire
second period a partial equilibrium state, an approximate description
of the reaction history can be obtained by a single quadrature. It is
noted that the concept of partial equilibrium can be applied only when the
pressure is sufficiently high so that the assumed equilibration of the
two-body reactions can occur. Analyses of this type have been carried
out by Westenberg and Favin(II-é) and by Zinman and Romano(H-IS).
Care must be exercised in connection with the treatment of partial
equilibrium in flowing systems in that th:re are introduced indetermi-
nacies which correspond to an infinite reaction rate multiplying a zero

corresponding to the equilibrium condition for the fast reaction step.

The second author discussed this difficulty in general in reierence II-19

and showed how it may be overcome.

Consider the analysis of the second period according to a partial i
equilibrium concept. Take for the three independent, two-body reactions !
those denoted 1, 2, and 3 in Eqs. (II-3.1) and take reactions 5 and 6 to be
the most important three-body reactions.” Now the assumption that the

former are relatively fast implies from Eq. (II-2.7)

Gy =1 - (W, W, /W, WK (Y,Ys/YsY,)=0 {I1-6.1

N
The analysis is not complicated in principle by the inclusic1 of more
three-bodyv reactions although numerically the complexity 1 increase

thereby.

d
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-1
1- (W, W, /W7W6)KC’2

1
o

(11-6.2)

Q
in

(Y,Y, /Y. Y,)

i
[en]

-1
G,~1- (W, W, /waws)KC’a (Y,Y,/Y,Y,) = (I1- 6.3)

The element mass fractions for the oxygen-hydrogen system with

nitrogen treated as a diluent are from Eqs. (II-2.4)

Y =Y + (W1 /2W3)Y3 +Y, o+ (wl/zw,,)Y,, = constant  (II-6.4)

]
[+
[

=Yy + (W /W)Y, + Y, + (W, /2W,)Y, = constant (II-6.5)

Y, = constant (11-6.6)
Thus Eqgs. (II-6.1)-(I1-6.6) represent six equations in seven mass
fractions and in the temperature and must be supplemented by a single
resction equation and by an energy equation. Since the atomic hydrogen
is thermodynamically the most important intermediate, consider the
species conservation thereof; prior to making the assumption of partial
equilibrium, i.e., that G_~0, k=1, 2, 3, Eqs. (II-2,3), (II-2.6) and

W =
(O-2.7) for i=6, give
dYS ‘;,6 WB a3
- - 2
Pl (W) = — [~k (Y, /W)Y, /W )o2G +k, (Y, /W) (Y, /W,)0°G, +

+ Ry (Y, /WY, /W,)p3G, - 2k (Y, /W,)? (0% /WG,

- K (Ya/ W) (Y, /W, ) (0 /W)Gg ] = F 7 (i-6.7)
n, N S

Now with partial equilibrium assumed, the products kjp J '_I-T(Yi/Wi) IJGj
must be interpreted as an infinite rate k. multiplied by zeré-,: namely G,
such that partial equilibrium prevails. Accordingly, let UJ. denote thes::

terms and consider oj , i=1, 2, 3 as unknowns but g5 and 0, as
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determinant values, If Gk =20, k=1, 2, 3 then Egs. (II-6.1)-(1I-6.3)

upon total differentiation imply

.
3G 3G
pdh) ko K&, k=1,2,3
dt oT o Y, 1
i=1
(11- 6.8)
ar , d
=, 3T (4 0k
o far ¥

At this point it is necessary to consider the energy equation; for con-

stant pressure flow the energy equation is simply h = constant so that

7
dT _ N : -
Rl ( Z‘ hiwi)/cp (11-6.9)

In Eqs. (II-6.8) and (II-6.9), \;/i can be expressed in terms of the O'i‘s
according to

. - \ Vs ? PR _,
W= W, Z (Vi-Vios » §=1,2,3,5,6 (II-6,10)
j

so that Eqs. (II-6.8) and (I1-6.9) yield

3G, h,
g - =
13 %t €

4
T

>~

Lan’k)(\)i'j-\)ij)ojwi =0, 1,2,3,5,6

=1,2,3 (I1-6.11)

[N
I}

DS

1

o
ge)

e
!

Eqgs. {II-6.11) permit cj s j=1,2,3 to be expressed in terms of 05 and
Og so0 that the right-hand side of Eq. (II-6.7) involves only determinant

values. Moreover, Eq. (II-6.7) can be integrated to yield

t=r 4 J' Fdy, (11-6.12)
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where the constant of integration is selected so that when t= o Y,
is equal to that given by the analysis of the induction period, namely

6,1

The calculations involved in applying this analysis can be

carried out on a small scale computer; e.g., the results reported here
were obtained on a Bendix G-15 computer. The procedure is as
follows: 7'he value ¢f Y, varies from the maximum computed according
to partial equilibrium applied to the induction period to that prevailing
at equilibrium at the final temperature Tf . This latter value can be
estimaied by an equilibrium calculation or from available tables of the
combustion products of hydrogen and air. This range of values is
divided into a number of intervals appropriate to the integration of
Eq. (II-6.12). With a generic value of Y4 selected Eqs. (II-6.1)-(IL-6.6)
and the energy equation h=constant are employed to determine, e.g.,
by a combined iteration and Newton-Raphson method, the temperature
T and the mass fractions Yi ,1=1,2,3,5, and 7 corresponding thereto.
Then Eqs. (II-6.11) are solved by matrix inversion to obtain cj ,3i=1,2,3;
the integral ¥ in Eq, (II-6.12) can then be evaluated and the integration
for the time t carried out, Note that when Y, equals the equilibrium
value F - so that in reality this final value does not have to be known

a priori,

In Figure II-5 there is presented a comparison of the approximate
and exact reaction history for one case; shown are the distributions
of Y,, Y, and T and the initial conditions. Ii will be seen that in general
the agreement is satisfactory. As a result of these considerations it
can be concluded that a reasonable understanding of the interaction of
the complex mechanisms involved in the hydrogen-oxygen reaction is
available; of course, the characterization of the reaction history into
two time periods and the approximations employed in the simplified
treatment of each have been decuced from more accurate calculations,
It is noted that the extension of the analysis of this section to nozzle flows
according to either the streamline or one-dimensional point of view is

straightforward.
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7. COMPARISON WITH EXPERIMENT FOR NOZZLE EXPANSION

As mentioned previously there are available limited experi-
mental results which can be used to verify the overall reaction
mechanism and rcaction rates employed in this and similar studies
of the hydrogen-oxygen system. In addition to the cited experimental

(11-3, -4)

research of Schott et al. there are available the tests of

nozzle flows of the combustion products of hydrogen and air carried

(II-16)' Of particular interest herein

out by Liezberg and Lancashire
are the measurements of the temperature along the axis of the nozzle.
In order to carry out a comparison between experiment and theory the
Pressure distribution along the axis of the nozzle had to be estimated;
the approximate transonic theory for the flow in the throat of a nozzle
and the measured pressure distribution along the nozzle wali were
employed to obtain the estimated pressure distribution shown in

Figure II-6, The composition in the settling chamber of the nozzle was
taken to be close to equilibrium at the specified stagnation pressure
and tzmperature and with the specified equivalence ratio. The equa-
tions of Section II-2, with the reaction mechanism of Eqs. {II-3.1)

with RR No. 2 selected were integrated from upstream of the throat.
The composition, velocity and temperature distributions along the

axis were computed, Mr. H, Pergament performed these calculations.
Shown on Figure II-6 are the temperature distributions corresponding
to equilibrium and frozen chemical behavior taken from reference 1I-16
and corresponding to inite rate chemistry computed here. Also shown
< the two experimentally determined temperatures from refer-

ence II-16. In view of the approximations attendant upon the estimation
of the pressure distribution and in view of the possible inaccuracies in
measurement, the agreement with respect to computed and measured
temperatures is considered satisfactory. Clearly additional experi-
mental data would be valuable in validating the reaction mechanism

and rates.
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An interesting result concerning the concentrations of the inter-
mediates in a non-equilibrium flo v of combustion products is shown in
Figure II-7a-c. Shown there are the distributions of the mass fractions
of the species along the axis of the nozzic from the aiorementioned
calculation. It will be noted that recombination of H and O takes place
in the initial part of the expansion. however, downstrcam of the point
where the temperature deviates from the eqailibrium distrmbution and
where the mass fraction of the major constituents is irczen. the rnass
fractions of intermediates continues to change, of particular interest
is the increase in H and the descrease in OH, This 1s somewhat
unexpected; in the extensive studies of the expansion of dissociated air
through nozzles and around bodies in hyperson:c flight it was always
found that the concentrations of all species were between those for
complete equilibrium and complete frozen flow. The behavior here for
the hydrogen-air system appears to be due to the reiatively tast two-
body reactions {1-4) which can maintain a partial equilibrium of the
intermediates while the major constituents are essentially frozen.

This indicates that perhaps the partiai equilibrium analysis discussed
above may provide reasonable estimates of the behavior of combustion
products during nozzle expansion, As noted above. this behavior of

H and OH was found independently by Westenberg and Fa\'inu’_o),

8. PRELIMINARY CONCLUSIONS OF THE ANALYS5.5 ¥OR CONSTANT
PRESSURE CHEMICAL REACTION

The results of the anaiysis described above for constant pres-
sure show that the induction time decreases rapid'y when static
temperature and pressure increasz. Such times of the order of 10-E
sec can be easily obtained for high Mach rumber flight conditions even
at high altitudes. As a consequence,. in a practical combustor, the
ignition zone will be limited to a few inches after mixing and the energy
release zone will be of the samec order fcr pressiures between J.5 and
1 atm. On this basis the assumption of inviscid tlow for the combustion
region, where large variations of pressure may occu . reprzsents a
good approximation.
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For such conditions the analysis of the diffusion and combustion
process along a given streamline can be divided into two parts: a
mixing region where transport properties are important, and a com-
bustion region where large variation of state occurs, but where viscous
effects can be neglected, In general, both processes occur with

pressure variations.

9. APPLICATION OF INVISCID ANALYSIS TO COMBUSTOR DESIGN

It is of interest to consider the application of the streamline
analysis discussed above to actual combustor design. The objective
herein is to indicate how shock waves, which could be associated with
heat release, can be avoided by proper design of the combustor; i.e.,
by expanding the flow area in a manner compatible with the progress
of combustion. For this purpose a constant pressure flow will be dis-
cussed although similar considerations apply to the more general case

of pressure varying along the streamline.

Consider a premixed hydrogen-air mixture corresponding to an
equivalence ratio of unity, with a constant pressure of 4.7 atmospheres,

a uniform velocity of 11,000 ft/sec.. and an initial temperature of 1240°K.

Then the numerical integration for the reaction history as discussed
above can be employed to compute inter alia the spatial distribution of
mass density which can be used to compute the distribution of the area
ratio (A - p'l) required to maintain constant pressure flow. The area
ratio A/A0 where Ao is an arbitrary flow area at x=0 is shown in
Figure II-8; it will be seen that there is a relatively small region in
which the density decreases rapidly and in which the flow area must
increase if constant pressure is to be maintained. The total increase
in cross seciional area is 2.15 Note that if a different analysis, one
based on constant a ea were employed. a significant pressure rise
and velocity decrease would occur 1n the region of rapid heat release;

this is hown e g . in reference 1I-7.
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Now consider Figure II-9 which indicates how this result can be
employed qualitatively in the design of a practical two-dimensional
combustor. Assume that the total inlet flow area is divided into
streamtubes and that the mixing between hydrogen and air is controlled;
in particular, assume that the hydrogen can be distributed by mixing
non-uniformly across the inlet to the combustor as would be the case if
a ""swept" injector were provided. Now select the length AB to corre-
spond to the length in which no significant change in area ratio is
required; at B turn the flow by an angle ¢ so that at C the original
streamtube has increased in area by a factor of 2.15, where the length
AC corresponds to the length obtained from Figure 1I-8, beyond which
the area is again essentially constant. Note that ¢~ 1.15 (d/AX) where
¢ is the original streamtube height and A, is the length over waich the
change in cross-sectional area is effectively required. Now for the
second streamtube assume that the origin for the chemical history is
shifted by the amount BC so that its required increase in cross-
sectional area occurs downstream of point C and is complete in the
length AX=B ‘C’=BC. Ifthis process is carried out for each stream-
tube, there will be obtained the duct configuration which is shown in
Figure II-9 and which involves a final cross-sectional area 2.15 times
greater than the original one, It will be recognized that this treatment
corresponds to a rough streamtube analysis for a combustor. This
analvsis can be improved and refined by a two-dimensional treatment
of the flow field with finite rate chemistry, An analysis thereof is

discussed in the following subsection.,

10. METHOD OF CHARACTERISTICS FOR T WO-DIMENSIONAL
FLOWS

Consider now the analysis by the method of characteristics of

two-dimensional supersonic flows with finite rate chemi stry,"‘ It will

The method of characteristics for non-equilibrium gas flows corre-
sponding to either dissociation or vibrational relaxation has been
treated in references II-20 to II-23. The analysis here is more
general,
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be shown that the streamline analysis forms ar integral part of such a
method. Although for practical reasons, two-dimensional flow is
considered explicitly hercin, the extension to the axisymmetric case Is
straightforward., For completeress some of the equations of Section Ii-2

are repcated here,

The equations of motion in coordinates along a streamline s and

in the normal direction n are

ov I e 2o (IT-10.1)
oV?2 9-2— + g.lril -0 (i-10.2)

The equations of species conservation are

Y. |
Lo ow, (I1-10.3)

v
P ds 1

and the overall continuity equation for two-dimensional flows is

8 {pV) + pV 39 ¢ (11-10,4)
ds an

These equations are supplemented by the requirements of energy con-
servation [Eq. (II-2.2)}; by the equation of state [Ea. {II-2.5)]; by the
description of the creation terms [Egs. (II-2.6) and (I-2.7)]; and finally

by the enthalpy-temperature relation for the species.

Now following the usual procedure in the method of charac-
teristics {cf. e.g., references II-24 and - 2%, Egs. {[I-2.2) and (IT-2.5)
are differentiated with respect to s; the resulting equations and
Eqs. (IT-10.1) and {I1-10.,4) can he nsed to obzain

46




w, h.W.

L a-L1y=F
W, c_ TW
i P

0 Ro RoT
P - )

s c W T VEW
p

1z

]—1— éﬁ:—_w_
on oV

T |~

i

i=1

(Ir1-10.5)

which involves only the partial derivatives 8p/9s and 88/8n and finite

quantities. As usual there are considered the total differentials

8p (dn, (I1-10.6)

dg 96 98 ,dn
d6 _ 86 , 96 (dn 11-10.7
ds s on (ds ( )

The Eqs. (I1-10.2) and (II-10.5)-(II-10.7) are formally considered to
yield the four partial derivatives in terms of finite quantities and of
d In p/ds, d6/ds and dn/ds. Select dn/ds so that the determinant of these

equations vanishes; there are obtained two values of dn/ds; namely,

1

R L
dn _ , (V2 W o 2
as =0 w0 e )1 . {108

The condition for dn/ds to be real is evident. Moreover, the degener-
ation of this relation to the special case usually treated in gas dynamics,

i.e., constant composition and constant specific heats is also evidert.

Finally, it is interesting to note that the speed of sound, which arises
quite naturally from the analysis, is associated with frozen composition

and frozen vibrational energy; namely,
afa = (RT/W)[I-(R_/CPW)]— (I1-10.9)

Additional restrictive assumptions must be made a priori in order that
there enter the analysis other limiting speeds of sound, i.e., those

associated with equilibrium behavior in some sense.
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Denote the values of dn/ds corresponding to the plus and minus

signs by (dn/ds)I and (dn/ds)II , respectively; introduce My and g where

tan jy = (dn/ds)I
(I1-10.10)

tan ppy = (dn/ds)lI

The vanishing of the determinant leading to the special values of

dn/ds implies along the line (dn/ds)1 that

i

1 dp V2w 4 dg 2 2
28Ry 1N an 1[E2 F
St P 0 (R {1+1& )I]}
(II-10.11)
2 sin?
- W e AU‘I
RT cos"pI
and along the line (dn/ds)H that
4
l _p dll w d 2 d 2
p dn [R.T ds II] T) [(d_?II] {H'[(a—rs;H] }
(Ir-10,12)

vew _ Sincup
RT F cos3uII

where df and dn are differential elements along each characteristic
line. In the nonreactive case F =0 so that Eq. (II-10.11) and (II-10.12)

reduce to those usually prevailing in gas dynamics. The right-hand

sides of Eqs. {II-10,11) and (II1-10,12) are equivalent to the terms which
arise due to rotationality. In addition to the two characteristic lines
related to Uy and Mg the streamlines are also characteristics along

which the reaction equations must be applied.
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The application of these equations to a unit problem within the
flow field as shown in Figure I1-10 follows the chemical numerical
procedure. Assume that at two adjacent points 1 and 2 all the flow and
state variables are known. Then from Eqs. (II-10.11) and (II-10.12) in
the usual way two finite difference equations for p, and §, can be
established provided the finite quantities in these equations are evalu-
ated from conditions at points 2 and 1 respectively, Thus the location
of, and the values of p and 8§ at point 3 can be found to a first approxi-
mation. Now construct point 4 on the streamline inclined at 85 passing
through point 3 and at 9, passing through 4 where linear interpolation
between 8, and 8, is assumed; further, by linear interpolation esti-
mate V, p and YI: i=1,2., N-1 at point 4. Thus, if the pressure is
assumed to vary linearly from points 4 to point 3, these estimates plus
the energy equation permits the conservation Egs. (II-10.1) and (II-10.3),
and the supplemental equations relative to the state, kinetics and species
enthalpy-temperature to be integrated along s to yield the composition
at point 3 in the same fashion as in the usual streamline calculations

described above. Iteration can also be used if required.

It is pointed out that the procedure outlined here assumes that
requirements for accuracy in integration for the species conservation
equations along the streamline are more severe than the requirements
for accuracy in the flow variables p, 9, V, etc, If this is not the case,
then finite difference approximations for integration along the stream-

line frem point 4 can be readily employed.

In addition to the unit problem for the flow field, special unit
problems for points involving shock wave and for boundary points must
be established. For the flow across shock fronts use of the von Newman-
Doring-Zeldovitch jump conditions would be consistent with the inviscid
flow assumption. No special difficulty with respect to these special unit
problems would appear likely in principle but as in the method of char-
acteristics for classical gas dynamics, difficulties associated with

secondary shocks, numerical accuracy, programming logic, etc. are
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certain to arise and to require solution. An analysis employing the
method of characteristics with finite rate chemistry along the lines
described here will be valuable in combustor and exhaust nozzle design

and analysis,

It is interesting to note that the effects of viscosity, diffusion
and heat conduction normal to the streamlines can be incorporated in
the above analysis in an approximate manner, if these effects are slowly
varying with respect to combustion processes, For example, in the
species conservation equations the effect of diffusion normal to the
streamlines is to add an additional term a/an(pDaYi/an); an average
value thereof for the increment along the streamline from point 4 to
point 3 can be evaluated in finite difference form from a knowledge of
the state at points 1, 2, and 4. Similarly, the energy equation, which
in this case must be treated in differential form, will have an additional
term arising from energy transport due to conduction and to diffusion
and a dissipation term due to viscosity; again a finite difference repre-~
sentation can be employed. Finally, the viscosity contribution to the
streamwise momentum equation can be taken into account. For
laminar flow the transport coefficients are clearly defined while as is
well-known for turbulent flow effective exchange coefficients must be

introduced.

SECTION III

HETEROGENEOUS TURBULENT MIXING

It appears that under flight conditions for hypersonic vehicles
of practical sizes, the mixing procecss between the fuel jet and the air
stream will be predominantly turbulent. Accordingly, the present
discussion of the mixing problems connected with supersonic diffusion

flames will be exclusively devoted to turbulent flows, It will be realized
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that at the origin of mixing there will always exist on the fuel injector,
boundary layers, one in air and one in the hydrogen fuel; in considering
only turbulent processes, it is assumed that either one of these
boundary layers is turbulent at the origin of mixing or that transition
from laminar to turbulent flow occurs in a negligibly short distance

downstream from the origin of mixing.

1. GENERAL REMARKS

The mixing processes in supersonic diffusion flames play an
important role in determining the characteristics of a combustor, since
the fuel and oxidizer must be brought together by mixing prior to
chemical reaction. As mentioned in the Introduction the relative rates
of the mixing and of the chemical processes taking place simultaneously
in the fuel jet determine the characteristics of the flow; if the chemical
reactions are relatively fast, i.e., for the hydrogen-air system of
interest herein, if the initial static temperatures and the static pressures
are high, then diffusion will be rate controlling. In a limiting sense
under these conditions the behavior corresponds to local chemical
equilibrium and heat release occurs close to the exit of the fuel injector.
If on the contrary, the chemical reaction is relatively slow, the mixing
of the fuel and air close to the exit will correspond to a heterogeneous,
non-reactive jet; far downstream the fuel and oxidizer will be com-
pletely mixed and if conditions are suitable will react in an essentially
inviscid manner. This second case in a limiting sense corresponds to

"frozen" mixing.

The two limiting cases of equilibrium and frozen chemical
behavior are the easiest to treat analytically so that most analyses of
viscous reacting flows have considered only such cases. However, for
combustor design it is necessary to determine quantitatively the con-
ditions under which the two limiting cases prevail and the characteristics
of flows intermediate to the limitisg cases, i.e., of flows with finite

rate chemistry, In the analysis of mixing with chemical reactions the
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interaction between mixing, combustion and boundary corditions intro-
duces severe complications. The combustion process locally effects
temperaturc density and pressure of the flow, If the flow is supersonic
pressure variations propagate in the flow through a wave mechanism,
and local changes of static pressure can influence reaction rates and
mixing rates elsewhere in the flow. These coupling effects can be
important in practical applications. In the case of supersonic diffusion
flames the mixing process is the controlling mechanism and a strong
increase in pressure must be avoided by careful selection of the
boundary conditions. Therefore it appears logical to analyze in the
first step mixing problems where the pressure can be assumed to be

practically constant through the entire flow field.

Even in the case of a constant pressure process complications
are introduced by several effects; e.g., by the details of the flow at
the origin of mixing; in the boundary layer on the air side of the fuecl
injector there will exist regions of low velocity and high static temper-
ature because of aerodynamic heating. Now it is known from analyses
such as those presented in the previous section that the reaction history
for hydrogen-air mixtures is sensitive to initial temperature as well as
to static pressure. Thus the chemical times and lengths associated
with the static temperatures and velocities near the exit of the fuel jet
may actually be several orders of magnitude smaller than those based
on the static temperatures and velocities in the streams external to
the viscous region. If this is the case, reaction may initiate ciose to
the fuel jet and spread rapidly so as to cause extensive amounts of heat
release in flow distances shorter than those expected on the basis of the !
usual overall considerations of diffusion and chemical times for idealized

conditions.

In addition to the effect of initial boundary layexs the conditions
under which limiting chemical behavior can be expected, are com-
plicated by the wide range of flow velocities which can occur in super-

sonic diffusion flames of practical interest. For example, consider the
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case wherein the fuel jet has a small velocity compared to that in the
external stream. In this case chemical reaction may first appear near
the axis of symmetry, where the lowest velocities occur, and may

spread rapidly outward in constrast to the previous discussion.

The problem of treating analytically the simultaneous effects
of turbulent mixing and finite rate chemistry is formidable if some
realism is desired, The preliminary research reported here considers
first the turbulent mixing of heterogeneous gas streams. Both theo-
retical and experimental research will be described. In addition some
remarks concerning the chemical kinetics of turbulent reacting flows
will be made to indicate an essential difficulty in proceeding to the
analysis of practically interesting cases wherein the effects of finite
rate chemistry are important; clearly these cases are the intermediate

ones cited above,

The problem of describing quantitatively turbulent shear flows
has occupied the attention of fluid mechanicians for many years. It is
generally agreed that even for the simplest case of incompressible flow
the available knowledge is incomplete. With respect to turbulent shear
flows involving significant gradients of density the present state of
knowledge is poor. In view of this situation research directed toward
establishing some of the engineering fundamentals of turbulent mixing
of heterogeneous gases has been undertaken at PIBAL and at GASL.
The flow configuration has been idealized in both theory and experiment :

to correspond to an axisymmetric fuel injection in an essentially infinite

oxidizing stream. In a practical combustor the presence of walls, of
other asymmetries and of non-uniformities in the oxidizing stream, e.g,
due to gradients in stagnation pressure, will complicate the flow so

that only a general but essential understanding of the phenomena can be
expected from the study of idealized configurations such as are considered

herein,
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2, THEORETICAL ANALYSIS - GENERAL EQUATIONS

Consider first an engineering analysis of a turbulent jet of a fuel
such as hydrogen in an air stream; assume that the mean turbulent
quantities are described by the equations for laminar flow if the trans-

port coefficients replace their molecular counterparts. Then (cf. refer=nces

I7-1 :»4 -2) for constant pressure flows the following conservation

equations are obtained:

Conservation of Momentum

du ou -1 9 ou
gu gv = = - 111-2.1
pu Ox pv or ¥ or (epr ar) ( )
Conservation of Energy
9H O0H _ -1 @ -1 _ OH
cuge tevar T gy lleery x5y
-1 du
+ (Pt-l) pEP, ~ TU FT (LI1-2.2)
L XN aY,
+(Sy-1) oepy Z h; 571
i=1
Global Conservation of Mass
g)—( (ow + aa—r (ovr) = 0 (II1-2.3)
Species Conservation
aYi aYi 1 3 1 aYi
+ —_ = = s, + W, I1I-2.4
o 9x v dr ' or (e t T 81‘) Y ( )
i=1,2. -N-L
Y, Y, ., g ., 9Y;
pu -3—;]— + pv ——3-—19— =r oo (pe:St r —gri) (III-2.5)

j=1,2. -L

55




Eqgs. (III-2,1) through (III-2.5) are derived from the general
equations of turbulent motion by introducing the concept of eddy
viscosities that permits to determine the contribution of the fluc-
tuating quantities of the flow as a funciion of the local gradients of the
average properties, On this basis the transport properties due to the
turbulent motion can : expressed in the same form as the transport
properties due to the molecular motion. However, the coefficients of
the terms that represent the molecular motion are functions only of
local physical properties of the gas, while the coefficients related to
the turbulent motion usually are related to gradients of physical
properties of the gas. When the contribution due to molecular motion
is small and can be neglected, then the eddy viscosities are the same
for all the transport properties; this corresponds to the turbulent
Prandtl and Schmidt number equal to unity. In the case that the con-
tribution of the molecular transport is important and must be retained,
then it is represented in the equations in an average form, by intro-
ducing correcting factors to the different transport properties. This
is done by assuming that the turbulent Prandtl and Schmidt numbers
are different from unity but constant at any given crsss section of the
flow. On the equations presented, a single turbulent diffusion coef~
ficient D corresponding to a single turbulent Schmidt number St = %

has been used.

Fundamental to the application of these equations to the
problem of a turbulent jet is a requirement to describe, at least
approximately the compressible eddy viscosity €. In the past theo-
retical analyses of turbulent compressible mixing (see references ITI-3
and -4) have carried over the Prandtl hypothesis generally accepted
for incompressible flow; namely, that the eddy viscosity is essentially
uniform across the mixing region and varies at most with the stream-

wige coordinate.

A different analysis for compressible mixing problems has been
Presented by the second author in reference III-1. In the analytical

work presented here the approach presented in reference III-1 will be
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followed and the same formal dependence of the eddy viscosity on spatial
coordinates introduced in reference III-1 will be used. However, a
different expression that relates the eddy viscosity to the physical
properties of flow will be introduced. At the same time more general
solutions will be obtained and simplifications will be presented. The
results of such analyses will be compared with some experimental

results,

3. ANALYSIS OF MIXING

Cons:der a jet of gas exhausting into an infinite stream, in

general of foreign composition. Assume that the gases are nonreactive,

Now following references III-1and -5, introduce a stream function v
so that
= v o 1I1-3.1)
pur = ojuju —a*l—: ( -3,
- L
ovr = - cjujll' % (I11-3.2)

and employ the von Mises transformation, i.e., (x,r)-(x,U) then

Eq. (III-2.1) becomes without approximation

du ~. -1 03 cp”r®u, ~ Bu
— = {u.{ — [——=) " = i11-3.3
ox - Ot 57 (G aee 5y ( )
J )
where from Eq. (III-3,1)
,.LF 2p.u.
2 = P Ou.l_)) L (111-3.4)
(<)

and at the axis or at infinity _a_é&ul =0, Therefore near the axis




2o ye (II1-3.5)
cu
and
2 3
es r°u ~ -3.6
SEag? ST (en), (I11-3.6)
) )
. €p2r3y
Assume (ep)c=f(x), then near the axis Y =f{x) and
Eq. (III-3.3) becomes Py 457
(u)) (er)
Su _ J e Byl (I11-3.7)
3x v 0; ay U
if U=u/u.j and
-x {ep)
g = | dx (111-3.8)

Yo p.u.a

then

)
:—?{m
=
®l®
<)
NS

(I11-3.9)

<«

The expression (III-3,6) is accurate near and far away from the
axis, and is only an approximate expression moving away from the axis.

2 -
The error introduzed is due to the fact that terms of the order '—Q—(P—El) ¥ 2

ay 2
are neglected with respect to one in Eq. (III-3.5), Indeed
2 -
pu=(ou) 142 L @ lou)y Fa ...y (I11-3.10)

4 (ou),  BU% 'C

Then, if the second term is neglected in Eq. (III-3.5), Eq. (III-3.6) gives
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~2 ~
ep?ur?® ~ (ep) ¥ =f(x) $2 (I11-3.11)

This expression leads to Eq. (III-3.9). The solution of Eq. (III-3.9) has
been indicated in references I1I-1 and -5 and is independent of the

energy equation.

4, EVALUATION OF THE EDDY VISCOSITY
In reference III-1 the suggestion has been made that the expres-
sion

p €=k (u -u__.
c max min

) pc(r%)i

be used for definition of the eddy viscosity ¢, where (r1); is the width of
2

the mixing zone in the incompressible plane wherein the velocity changes

from u to (u +u) L The value suggested for the constant k was
max c' 2

max
0.025 as given by Prandtl, then

e = - -4.1
p.€ 0.025 uell ucl (r%)inc Pe (IT1-4.1)

This expression indicates that the turbulence would decay when the two
jets have the same velocities even if the two streams have different
temperature or composition. This is not consistent with the fact that
in these cases a dissipative mechanism still exists due to heat conduc-
tion or concentration changes that would sustain turbulence. It would
a!so indicate that a sharp decrease of mixing rates would occur for

\—l?- ~ 1 with rapid changes of mixing rates in both sides of the con-
dietions %L < 1. A modification of the expression for the eddy viscosity
has been esuggested by the first author in reference III-6. The expres-
sion used here has the form

(IIx-4.2)

pe = (pe)_ =kr, lp u_-p
2

u
e e c C
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where k is the constant given by Prandtl and is assumed to be equal to
0.025. This expression still follows the basic concept of mixing length
of Prandtl and the basic concept of reference III-1 with respect to the
dependence of eddy viscosity on spacial coordinates. In this expression
the quantity r) is the width of the mixing zone in the physical plane,
defined as thezvalue where the quantity pu has an average value between

the value at the axis and the value in the outside flow. Therefore

- 1 )
(puw) . = (Dcuc+ peue) 5 (I1I-4.3)

e

It has been found that this expression is in better agreement with the

experimental results presented here.

5. THE FREE JET IN A QUIESCENT ATMOSPHERE

Consider next the problem of free jet in a quiescent atmosphere.
This problem is of interest because it has been investigated experi-
mentally for a large variety of cases. Assume that the boundary layer
at the origin of mixing (x= & =0), is negligible, Then U(& ,’d;) is to

satisfy the conditions

u(o, ¥

"
—
o
A

=
A
™

(I11-5.,1)

h
ol
~
=
oy
\
I

lim N
7 = oo U(Bs¥)

1
=
~
c

| S

The solution of the problem specified by Eqs. (I1-3,11) and (III-5.1) is
a standard one in the theory of heat conduction (cf. references ILI-7

and -8). The solution is given by the equation
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f
I

[U-(ue/u.)]

ilk

U= —2—d
[1—(ue/uj)]

Io[r '(E/a)(Zg/a) -t Jr’dr’

L= (2s/a) ™ expl-§/)%/4(8 /a)] | expl-x’ 2/a(e/a)]
(o]

(111-5.2)

and has been tabulated by Masters(IHI-7) 5 t(larms of the function P*
where U=P¥(Z /v ,R/y)flc with Z/y=(26/a)"2, R/y=(y/a)(Z2/Y). Of

particular interest in the present discussion is the velocity decay along

the axis in terms of £; there is obtained from the solution that

Uc =1 - cxp{-a/4g)

For the case uc=0,

(ep)C - f(x) = kpcu r

c 1
2
1
= =P
(Du)ri 2 "l
2
Then the quantity r, is defined by
2
Vi
2 p.u-
r 2
(r))2 =| | Ly lay
> ko) Pu

Asymptotically (£- o) this expression becomes equal to
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The quantity u asymptotically becomes

u.a
u > 4 (IlI-5.8)
¢ g
and
p. L
[(pe)C ]as =k pou;a (B—J;) = constant (I11-5.9)

Mr, G. Kleinstein has found from the analysis of numerical and
experimental data that the quantity (e p)c remains constant in a large
zone of the mixing, and that the asymptotic expression can be used with
good approximation also in the region of the flow near the exit of the
jet. On the basis of this observation, the evaluation of Eq. (III-3.9)
becomes very simple. If the quantity k is assumed to be the constant

given by Prandtl, by introducing Eq. (III-5.9) in Eq. (III-3.10) it results
a a

p. L
x 40(#)2 £ + constant (I11-5.10)
e

X,
Denote the constant in this equation as EL’ then Eq. (III-5.3) becomes

_ X i4-1"
a =1 - exp {-10[5— + 17 (IT1-5.11)
e e
where a, is an effective area of the jet,
p, 1
a, =alh)’ (I11-5.12)

e

This result is in accord with the observation of Thring and Newby(Hl_g),

that a homogeneous compressible jet has the same behavior as an
incompressible one provided the actual jet radius a is replaced by an
effective radius a,-

62




The accuracy of this simple result can bc assessed as follows:
Consider experiments with ue=0 yielding the decay of center line
velocity uC=uC(x/a); compute {from Eq, {IIT-5.3) for each . the value
of £/a and compare the computeld values with the measured values
plotted in terms of 0.025(De/p j)z(x/a). This has been done in
Figure IIi-1; there have been considered data for homogerneous,
isothermal (i.e., incompressible) jets (references III-9., -10, -11,
and -13), isothermal jets of carbon dioxide (reference III-13), heated
homogeneous jets (reference III-11), and high speed homogeneous jets
(reference III-10). A density range of -‘—12— ; pc/pjglis represented by the data.
With the single exception of the high Mach number data of Warren
(Mj = 2.60) the correlation of the results is as good as can be expected
It is noted that a similar discrepancy with respect to these data was
found in reference III-1 and remains unexplained, but that for Mj= 1.51

the agreement is satisfactory herein.

The results of Figure III-1 imply that the constant in Eq. (III-5.10)
is approximately -0,175 independently of the ratio pe/oj; thus the trans-

formation from the £, § plane to the x, Iplane is for this case of u, = 0

simply
X ?5 % g
Xz 402 [ +0.175] (I11-5.13)
a ce a

Note that the final transformation from x, ¥ to x, r involves application
of Eq. (III-3 4) and requires spccification of the density distribution at

least in terms of € and 3 .

In Figures III-2, -3, -4, and -5, some comparisons between
measured and calculated quantities for the case of heterogeneous jets.

investigated experimentally in reference 1II-13. are shown.

Figures I1I-2, -3, and -4 give the decay of velocity and concen-
tration along the axis for nitrogen, carbon dioxide, and helium jets.

In the case of helium jet the experimental velocity distribution shown

63




xp
fe/2ah gz070 -

P

uorssaidxg ayl Aq UAID UOWE[2Y 3YI Yiim uosiredwo)
pue s}|nsay [ejuswiliadxyg J]qelleay wolj g/x pue e/3 usamilag uone[ay

% /% fsz00
¢ 2

“1-III "0l

o
@
N
n

'Ww_ o

00—

rGL1"0—

| g1 ='W ©

381SS3IHdNOD SNOIANIOOWOH

H—1I0 434 ©
033dS MO1-d31Vv3IH SNOANIOONWOH
€I—-1I 434 ©
TYWNHIHLOS! JAIXOIANOGHYD _
! 6 — 10434 <

! IH=1I 4348 <&
¢l-II 434 &
TVYWY3IHL10SI SNO3IN3I9O0WOH
o
w o /

64




1.0 T l I T I

0.90 N2 4
{ CONCENTRATION
0.80 ref II-13
\ ¥ VELOCITY
0.70 % S
é} —— THEORY
0.60 \
é—' 0.50 5
>’ 040 \V
[ 3]
X 030 N
0.20 O &
0.10 S C

10 20 30 40 50 60 70 80 90 I0O
X=X/ry
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does not agree with the analytical value' however, it is stated in refer-
ence III-13 that "velocity data could not be obtained for the jet of helium

because of the low impact pressures that it produced.”

In Figure III-5, a radial profile distribution for the helium

experiment is shown. The agreement with the analysis is good.

6. ANALYSIS OF MIXING FOR Pt AND St DIFFERENT FROM UNITY

In order to determine concentration and temperature distribution
in the flow, Eqs. ([II-2.4), (11I-2.5), and {II-2.2) must be solved. These

equations involve the turbulent Prandtl and Schmidt numbers.

If these numbers are unity, then for jet flows, generalized Crocco
relations exist among the velocity stagnation enthalpy and element mass
fractions so that the velocity distribution determines the entire flow, If
the flow is nonreacting Eqs, {III-2.4) and (III- 2,5) are identical, there-

fore, the same relations are valid also for species mass fractions.

In the case of jets discharging in quiescent atmosphere u is zero
and if Pt and St are unity the ratio T:—l— and Kcj (concentration of the

constituent of the jet) are exactly the same.

For the case when Pt and St are different from unity, solutions of
Eqgs. (II-2.4) and (JII-2.5) can still be carried over directly to obtain
concentration and temperature provided Pt and St are constant or at most

functions of the streamwise coordinate.

Consider a solution to Eq. (I11-2.4) applied to one foreign species,
i,e., for YizK and for v'vi =0, i.e., for no chemical reaction. Application
of the von Mises transformation and the previous considerations concerning

€ leads with no further approximation to

{ep) ~
oK _ ¢y v-1 0 -1 78 61
5y = ¢ Qj ) U 5’; (St 4 -5% (111- 6,1}
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Now the available data on turbulent Schmidt numbers, St , for a variety
of mixtures indicates that an assumption of a constant value i5 therefore
«ason-hle {cf. references III-12 and -14). Accordingly, for these

jet flows assume St to be constant and introduce a new independent

variable £ , such that™

., ox (ep) ’ B
e =51 | c dx’ _g e (I11-6.2)
1 t p.u, a t )
° Fi
Then Eq. (III-6.1) becomes
K _a 8 3K, (III-6.3)
az W Oy o

Eq. (III-6.3) has the same form as Eq. (I1I-3.11). For a jet discharging

in quiescent atmosphere

K0, = 1 O<i<a
=0 T>a (II1-6.4)
lim ~
. K(g ,1) =0
b — 00

Then the solution for K is the same as that for U given by Egs. (III-5.2)
and (II1-5,3) provided £ is replaced by g, =St~lE; clearly if St ~1, K =_ET,
i.e., a Crocco relation exists between velocity and concentration of
foreign gas. The concentration along the axis is from the solution given

1

Dy

“Note that with no difficulty St could be taken to be a function of x.
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Kc =1 - exp[-St/4(§/a)] (111-6.5)
while from reference IIL-8 the concentrationlprofiles are given as

K/KC:P*(Z IYsR[4), where Z°/y=(2¢ /a)"2, R/Y= (1/2)Z /.

. . . oy . -1
For isothermal, isobaric conditions pW “=constant or more

precisely

o/p; = [K + (Wj/We)(l -K)? (II1- 6.6)

Thus from Eqs, {III-6.5) and (III-6.6) evaluated at the center line,
Eq. {III-3.5) can be used to carry out the transformation back to the
x - § plane. Eq. (II1-6.2) for u, = 0 and the approximate relation
°5. 3
(,,(.:)C = 0.025 usa CH (pe)

gives

1 Pe 2
g, = St- [0.025 (—59) x - constant] (I1I- 6.7)
j

Therefore, from experimental data of KC=KC(-}a—{) it is possible to deter-
mine experimentally the value of St . The results of these considerations,
applied to the jets of helium and carbon dioxide of Figures IlI-3 and -4,
indicate that in this case St ~ 1. Note that a change in density ratio —2—?

of over an order of magnitude is represented here. J

A similar analysis can be performed when the temperature of the
jet is different from the temperature of the surrounding flow. In this

case

.=T./T
p/'J J/

so that the temperature field must be computed. For a constant
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turbulent Prandi! number. not unity in general, the previous analysis
for K can be carricd through to yicld the temperature field; the

dependent variable becomes

-1

2= (T - Te) (Tj -T.) (111-6.9)

while the independent variable becomes

SRR — , -1
gy ! (b /o) (e/nja) dx’ = @ "7 8 (II1-6.10)

The solution with =1 at x= 52 =0 is again given by Eqgs. (III-5.2) and
(II1-5.3) provided © is replaced by €, and U by A.

7. EXPERIMENTS CONCERNING HETEROGENEOQUS MIXING OF TWO
MOVING STREAMS

In order to obtain fundamental data on the mixing processes
involved when there is an external flow, a series of experiments con-
cerning the axisymmetric mixing of hydrogen and air have been carried
out by Mr. L. Alpinieri at PIBAL i1 a mixing rig utilizing the super-
sonic facility at PIBAL; the static temperatures were roughly ambient
so that no chemical reaction occurred. Two s:ts of experiments were
performed; ir one a subsonic hydrogen jet exhausted into an axisym-
metric stream of air with a Mach number of 3.0. The experimental
setup is shown in Figure III-6. In the second a subsonic jet of hydrogen
exhausted into a subsonic air stream; the experimental rig is shown in
Figure IIi-7. In both sets of tests the distributions of static and total
pressures and of hvdrogen concentration throughout the mixing region
were measured. The pressures were measured by standard techniques
while the hydrogen concentration was measured by a thermal con-
ductivity cell which was calibrated against known hydrogen-air mixtures.
In the subsonic-supersonic tests the stagnation pressure of the air

stream was 1.3 atmosphercs. In both scts of tests the stagnation
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temperatures of all streams was approximately 290°K. The experi-
mental results and comparisons with theory will be given later in
extenso; for the present only the results indicating some important
points will be presented, i.e., those pertaining to the importance of

initial boundary layers, to isovelocity mixing, and pressure gradients.

For this purpose consider first the distributions of concen-
tration obtained in the subsonic-supersonic tests; shown in Figure ITL-8

is the distribution of mass fraction of hydrogen der.oted K along the

1
v

Shown in Figure III-9 are the radial distributions of K for the same

center line for four different values of the velocity ratio, u.j/ue =U.,

velocity ratios and for two downstream stations x/a=13 and 32.4. It
will be noted first from these figures that the mixing of hydrogen and
air is rapid, i.c., KC drops tc 0,1 with a distance corresnonding to
x/a<12 for u,=0.36 u,. These results are qualitatively in agreement
with the analysis discussed above, For a given Ugs 28 Uy increases
from zero the theory predicts, at a given station % , an increase in Kc"
For the form of the eddy viscosity proposed here the increase of KC is
gradual in the region of uj =u, however no changes in sign of the
variation of K. with uj is predicted. This is not true for the form of the
eddy viscosity proposed in reference III-1, which would indicate an
increase in K¢ until uj=ue, and then a decreas: of K¢ for values of

llj>Lle.

A direct comparison between these experiments and analysis

requires the development of analyses that takes into account the

presence of the boundary layer on the air side at the origin of the mixing.

These analyses can be derived approximately by extending the present |
analysis if the thickness of the boundary layer is not too large. The
Presence of the air boundary layer for the experiments involving mixing
of air and hydrogen is very important, because the momentum flux in
the air boundary layer is very large with respect to the momentum flux
of the hydrogen stream, due to the low densitv of the hydrogen. In these

experiments for the data presented here, the boundary laver is very

~i
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large, the thickness is of the order of one-half inch , therefore the
momentum flux deficit in the boundary layer is larger than the
momentum of the hydrogen. It is difficult to reach even qualitative
conclusions from these experiments, and the results shown in

Figures III-8 and -9 should not be interpreted in terms of step
distributions of velocity at the origin of mixing. Indeed, it is of
interest to note the following: The great density difference between
hydrogen and air implies that the boundary layer in the air stream at
the origin of mixing will generally play an important role in the mixing
processes as well, as mentioned previously, in the chemical kinetics

under practical conditions of interest in supersonic diffusion flames.

One of the main reasons for setting up the rig for subsonic-
subsonic mixing was to reduce significantly the initial boundary layers.
Indeed, the results of subsonic-subsonic mixing between hydrogen and
air indicate that the qualitative agreement between theory and experi-
ment is not due to the effects of the initial boundary layer. In this case
the boundary layer in the air stream at the origin of mixing is thin;
consequently, the effect of the initial boundary layers is negligible at a

small distance downstream of the origin of the mixing region,

A comparison between experimental and analytical results for
axial distributions of concentration of hydrogen for three ratios of jet
to free stream velocities is presented in Figure III-10, In Figure III-11
a comparison of radial distributions for a velocity ratio uj/uez lis

shown for values of x/R=5 and 10,5,

The trend given by the analysis is in agreement with experi-
ments. The concentration at any given station x = constant increases
gradually when us changes from 0.7 to 1.3 when the mixing extends to
the axis. The concentration initially changes very rapidly with distance
and then when small values of concentration are reached changes slowly
with distance. Both results indicate that the mixing process is very
rapid also for values of Eu*]— ~1 and the shape of %I:_ given by the analysis

appear to be in agreement with experiments.
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8. EFFECT OF TURBULENCE ON REACTION RATES

In order to establish properties of mixing, reacting flows. it is
necessary to combine mixing analyses of the type described herein with
descriptions of the chemical kinetics in turbulent flows. Formally,
expressions for the creation terms \i/i in the species conservation
equations are required. It will be recalled that the equations employed
here to investigate mixing are in terms of time-~averaged quantities so
that the desired descriptions are of the time-averaged mass rate of
production of each species per unit volume per unit time. While the
effect of turbulence in increasing ithe mixing of fuel and oxidizer is
understood from a phenomenological point of view, the effect of turbu-

lence on kinetics is not clear.

The effect of turbulence on the rate of flame propagation has been
extensively studied but apparently the fundamentals of the effect are
still subject to debate. In reference III-15, Hawthorne, Weddell, and
Hottel considered the effect of turbulence to be described by an
"unmixed factor'" which indicates the degree of inhomogeniety of fuel
and oxidizer; they considered, however, that the actual kinetic rates of
chemical behavior were infinite so that fuel, oxidizer and products were
in equilibrium locally with respect to space and time. Scientific investi-
gation of the chemical kinetics of turbulent flows according to statistical
theory has been initiated by turbulence specialists |cf. Corrsin(IH-lé’ '17)]
but the idealizations necessary for progress are so drastic as to provide

little hope for application to chemical systems of practical interest in the

near future.

It is the purpose of this discussion to indicate qualitatively the
influence of turbulence on chemicali kinetics. For this purpose it is useful
to recall the basis for the rate constanits employed in the analysis of
Section II and shown explicitly in conneciion with E¢s, (II-3 1). These
rate constants have been obtained by theoretical and/or experimental
means under the cited assumnption that thermodynamic equilibrium roughly

prevails and thus that .on-eqilibrium prevails only with respect to chemica’
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composition. Therecfore, it is assumed that equipartition of energy
among particles and internal degrees of freedom exists at least
approximately. Now in high speed turbulent flows these assumptions
may be open to question; therefore, substituting classical rate expres-
sions into the creation terms interpreted as instantaneous rates and
the time averaging thereof in order to obtain time-averaged values for
\R/i may not be valid. However, it appears that the following statements
can be made: If at a fixed point in the flow, the absolute velocity
squared fluctuations which may arise from either velocity or temper-
ature fluctuations are significant with respect to ZkE/mi , then these
fluctuations influence significantly the collision processes. This
appears to be the case for mixing processes of very high velocity
streams having very large ratio of static to total enthalpy. In this case
the enthalpy connected with the fluctuating process is of the same order
of the static enthalpy. Therefore the mechanism of collisions and the
number of a given type of collision can be quite different from the values
given by statistical mechanics on the basis of thermodynamic equilib-
rium. The effect of the turbulence on the mechanism of collision can
be discussed qualitatively by considering a reaction step following an
Arrhenius law. The turbulence effects the value of T on the exponent
of the expression and the function of T which multiply the exponential
function. Consider, for exampie, a reaction step following an
Arrhenius law [reactions 1-4 to the right or to the left and reactions
5-8 to the left in Eqgs. (II-3.1)]. The reaction rate in this case
increases greatly with the relative velocity between colliding particles
as evidenced by the exponential dependence of the rate constant on
temperature. Therefore, it can be expected that a large fluctuation

in the absolute velocity squared will increase the reaction rate for
reaction steps following an Arrhenius law, On the other hand, for
reactions such as reactions 5-8 in Eqs. (II-3.1) proceeding to the

right where the rate constant does not have an exponential term it

can be expected that turbulence would effect the reaction rates in the

sense of increasing the probability of useful collisions. These
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statements imply that all of the reactions of interest in the hydrogen-
oxygen reaction excedt the recombination reactions (5-8 to the right)

will be accelerated by turbulence,

It would be of fundamental interest to conduct experiments,
e.g., in nozzles expanding the products of hydrogen-oxygen combustion
with various degrees of turbulence in the stream, to determine the
effect of turbulence on reaction rates of practical importance in super-

sonic combustion.

SECTION IV

EXPERIMENTAL RESULTS OF COMB USTION

In order to investigate experimentaily the process of supersonic
combustion controlled by mixing of hydrogen and air, a series of tests
is in progress at the Aerodynamics Laboratory of the Polytechnic
Institute of Brooklyn. Some of the results of such investigation are

presented here.

EXPERIMENTAL APPARATUS

The tests presented here were performed in an axially sym-
metric jet. The hydrogen was injected axially through subsonic jet at

the axis of the air (see Figure IV-1}). The air Mach number was chosen

equal to 1.54 in order to change sufficiently some of the parameters
which are important for chemical reaction and which affect significantly
the reaction time. The maximum air stagnation temperature available
in the facility was roughly 1660°K; therefore, the maximum static
temperature of the air could be changed for M=1.54 between room
temperature and 1110°K, With this Mach number it was possible to
change the static pressure in the mixing region from values of the order

of 1/20 atm to several atms. However, for safety reasons the maximum
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pressure, which permits optical observation through the glass windows,
was limited to 1.3 atm. The temperature of the hydrogen was also

variable between 1110°K and 324°K,

The hydrogen and air jets discharge into a large chamber where
the external pressure can be carefully controlled, Therefore, the
mixing and combustion process take place in an open jet region, which

resents several advantages.
g

{a) It permits the static pressure along the external
part of the jet to be kept constant, independently

of the combustion process.
(b) It simplifies the optical observation of the flow.

The measurements made were pressure, velocities and temper-
ature of the two streams. The combustion process was observed by
direct photographs and schlieren photographs. Temperature survey was
also made. Direct photographs which are important in understanding
the processes in the flow were taken by a long time exposure (about 1-7

sec.) of the flame,

The purpose of the tests was to obtain some experimental infor-

mation on the chemical and mixing process. The mixing process in the
tests is complex because of the presence of the boundary layer outside
of the hydrogen injector; therefore, initial tests were made in order to
determine the effects of the boundary layer on the combustion tests,
The presence of the air boundary layer is important for two reasons:
{(a) it increases the mixing process, and (b) the boundary layer air has
regions where the static temperature is higher and the velocity is lower
than the static temperature and velocity of the air jet. It must be noted
that in all tests the walle of the hydrogen jet are preheated close to the

stagnation temperature of the air.

The first part of the test program has been performed at a static
pressure of 0,9 atmm, For this condition the chemical behavior is

described Ly the data of Figure IV-2, which gives the induction and
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energy release times as functions of local temperature. In the range

of temperatures, and for the pressure chosen for the tests, these times
are practically independent of the chemical composition of the mixture
{value of %); therefore, it is possible to obtain indications on the process
of mixing and reaction also, if the air and hydrogen concentrations of
the mixture are not constant and are not exactly known along any given
streamline of the flow, Figure IV-2 also shows that the energy release
time is very short, and the induction time represents the larger portion
of the total combustion time. Rapid changes of reaction time take place
in the range between 800° and 900°K, For example, a variation of
temperature between 940°K and 830°K changes the reaction time between
2.0x107% to 10x107" » which corresponds to variations of distance in
the flow of several inches. This large variation of travel length permits

an interpretation of the data obtained from photographic observations,

Several series of tests were performed for the cited air Mach
number of 1.54 and for hydrogen Mach number variable but less than
one. In each series of tests the stagnation temperature of the air and of
the hydrogen were kept constant, and the velocity of the hydrogen uj was

changed.

Several series of tests were performed corresponding to different

combinations of stagnation temperature of the air and of the hydrogen.

The mixing analysis does not permit accurate determination of
the mixing process; however, it does permit obtaining some relation
between velocity stagnation temperature and static temperature as function
of concentration. If De and pj are the partial mass densities of air and
hydrogen at a given position where the mass density is p, then the average
velocity and stagnation temperature can be expressed as
Pu=p u, + Djuj (xv -1j

where u, and u; are the initial velocities of air and hydrogen stream and

the cffects of viscous losses are neglected. This approximation is
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satisfactory in view of the fact that the exchange of momentum between
the air and hydrogen stream represents only a small percentage of the
momentum of the air stream, and thercfore the viscous losses related
to this exchange, that depends on the momentum exchanged can be

neglected, and

H =c¢T —"»p.cpT + pc T (IvV-2)

As it has been discussed in Section III, these expressions are consistent

with the concept of the mixing length introduced by Prandtl when

p.
molecular transport phenomena can be neglected. Therefore, if K= —Bl >
H +K(H.-H )
T =—2% ) ¢ (Iv-3)
© ¢ #{c_-c )K
Pe  Pj P,
u=u_ % (u,-u )K (IV -4)
e j e
and
c. T 4#K(c_. T -c_ T )-lu2 .
s pP.  s. s 2
T- e e Jj e e (IV-5)
(c_=-c K+c
P; P, P,

From these relations and from the relation between reaction time and
static temperature T the effect of the variation of Hj and He and of the

concentration on the flame front can be investigated.

In the first series of tests the stagnation temperature of the
air was choscn to be 1170°K corresponding to an air velocity of
2870 ft/sec and to a static temperature of 8349K, The stagnation
temperature of the hydrogen was chosen equal to 985°K. The Mach

number of the hydrogen stream is low, and the static temperature
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changes only slightly when u; changes, and is close to the stagnation
temperature; therefore, in this series of tests the static temperature
of the hydrogen is larger than thz static temperature of the air. For
these conditions the reaction time was expected to be of the order of
107%, During this time the air in the boundary layer has time to travel
several inches and, therefore, because of the small boundary layer
thickness, it could be expected that the boundary layer would be mixed
with the main flow before combustion starts. Some of the results of

such series of tests are presented in the next figures.

Figure IV-3a presents a direct photograph of the process of
combustion for low velocity ratio, Tuél =0.3. A drawing of the flame
front for the same condition is given in Figure IV-3b. For this con-
dition the velocity of the hydrogen jet is equal to 860 ft/sec. The flame
starts at the axis at a distance of 3.5" downstream of the exit of the
hydragen injector; it propagates rapidly across ihe central region of the
mixing zone and then slows down sharply when the flame reaches the
outside region of the jet. For a short period the flame width increases
very slowly. At a distance of the order of 7" from the exit of the ejector
the slope of the flame front changes, and the velocity of propagation in
a direction normal to the jet increases again. Downstream of this point
the flame width grows approximately at a constant rate, and the flame
front is inclined at an angle of approximately 7°-8° with respect to the

axis of the jet.

The shape of the flame is consistent with what could be expected
from the results of an analysis. In Figure IV-4 the flow travel required
for combustion is given as a function of local average concentration for
the conditions of this test. This flow travel has been calculated by
means of Eqs. (IV-4) and (IV-5) on the basis of the data of Figure IV-2,

and does not take into account the effect of the boundary layer,

At the center of the flame the hydrogen concentration is very
high; therefore, the static temperature is high and the velocity is low.

The flow travel for combustion given by Figure IV-4 here is of the

89




FIG. IV-3a, Direct Photograph of Air Hydrogen Combustion
T =11700K; T =9859K; u./u =0,3
g sj i’ e
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order of 1.9". Therefore, about 1 6" of flow travel are required hefore
some air rcaches the center of the jet. When the concentration decreases,
the flow travel required for combustion increases; however, the mixing
length decreases. Hydrogen concentrations of the order of .50 or lower
are reached almost immediately downstream of the injector at the outer
edge of the mixing region; therefore, for those conditions the total flow
travel between the end of the ejector and the flame front corresponds
roughly to the flow travel required for combustion. The flow travel
required for combustion for K=0,50 corresponds to 4.4". This explains
the shape of the flame in the central region of the mixing. When the
concentration decreases the flow travel for combustion becomes very
large; therefore, the velocity of propagation of the flame across the jet

decreases very rapidly.

The region of the flame, where the width of the flame remains
practically constant, can be attributed to the presence of the boundary
layer in the air stream, generated along the external surface of the
injector. The air boundary layer near the wall of the injector has larger
static temperature and lower velocity than the flow outside of the boundary
layer. As a conscquence, in the region where the mixture contains
boundary layer air, combustion times and flow velocities are smaller;
therefore, flow travels for combustion are much smaller. Then the
flame front propagates fast into regions of low concentrations. When
the air velocity increases and static temperature decreases, the flow
travel for combustion for a given value of concentration increases and,

therefore, the flame iront moves into regions of higher concentrations

than for the case of a mixture having boundary layer air. As a con- 1
sequence, the transversal dimension of the flame increases very slowly

because the hydrogen concentration must increase along the flame front.

When the flame reaches a region where the air has free stream condi-

tions, the flame front propagates along a line of roughly constant con-

centration, On this basis the flame front permits information to be

obtained on the mixing process. Mixing analysis indicates that the

mixing for these conditions propagates at angles of the order of 7°.
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Wher the velecity of the jet increases, then the flame changes
shape, as shown in Figure IV-5, The flame moves downstream of the
injector ans! ‘hew propagates in similar fashion as before. Again the
shape of the flame, the distance from the discharge section of the
injector. is ccnslstent with the mixing process and the calculated

reaction rztes.

Ii: the phomg\.gaph shown the velocity of the hydrogen U5 is equal
to 1430 ft/sec and %L:“ 0.5. The stagnation temperature of the air is
1190°K, and of -ke h‘,e;drogen is 970°K. The relation between flow
travel for combustion ard concentration for these conditions is given
also in Figure IV-4. The flame starts at the axis of the mixing zone
at a distance of roughly 7.5"., There the travel for combustion corre-
sponds approximately to 4.5"; therefore, the mixing travel is equal to
ELN 53 tj continues to increase, the flame moves gradually downstream

Qu

of the exit of the injector. For high a—i the mixing process becomes

slower and the combustion starts at thg outer cdge of the mixing region.

In Figure IV-6 the distance x in inches measured from the
discharge section of the injector is plotted as a function of l—:—g . For the
case of uj=ue the velocity of the hydrogen is 2820 ft/sec, and the static
temperature of the hydrogen is 890°K, For these conditions the
temperature of the mixing i also of the order of 872°K, and the com-
bustion wilt occur after 4.5x10™" sec. Then the distance would be of
the order of 13", This vaiue does not agree exactly with the experi-
mental results shown in Figure IV-6 which gives a distance of the
order of 10", The difference is due to the presence of the boundary
layer that slightly increases locally the static temperature and

decreases the velacity of the mixture,

If the velocity 1 increases to a value of Zu_ . then the static
temperatarc of tie hydrogen becomes equal to 8349K and the reaction
time becomes of the order of 6.7x 10—4; therefore, the length must
become of “he arder of 24" The experimental data agree approxi-

mately with ihe valies of the distances given by the analysis,
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FIG. IV-5, Direct Photograph of Air Hydrogen Combustion
T =1190°K; T =970°K; u./u_=0,5
Se 8 i’ e
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In order to understand the interplay between mixing and com-
bustion phenomena of hydrogen and air, it can be useful to discuss two
other series of tests having different stagnation conditions. In the
second ser.2s the stagnation temperature of the hydrogen is the same
as the static temperature of the air, and this temperature is somewhat
higher than in the first series; therefore, the reaction rates are
faster. In the third series of tests the stagnation temperature of the

hydrogen is much lower than the static temperature of the air.

H
1}

1320°K T, = 954°K - 1060°K series 2

1320°K TS = 362°K series 3

For the second series, because the static temperature of the
hydrogen and of the air are about the same. The reaction rate is
constant and of the order of 1.7x10™" independent of concentration.
Photographs for values of uj=0.28, 0.92, 1.21 u, are shown in
Figures IV-7, -8, and -9, respectively.

For low values of u; the combustion starts first at the center,
Figure IV-7. The distance is roughly 2.6" from the exit of the jet.
In this test the hydrogen temperature is equal to 1000°K, and the
reaction time at the axis is 1.0x10"", The velocity is 860 ft/sec;
therefore, the reaction length is cf the order of 1'"; and the mixing
length is of the order of 1,6", that is, equal to the value determined in
the preceding test for about the same value of uj/ue. The flame shape
is as shown schematically in Figure IV-10. The flame propagates
rapidly across the jet. The flame front depends only from the velocity
distribution because the temperature of the mixture is approximately
constant everywhere. The velocity outside is 3100 ft/sec, therefore
the fiame reaches the outside of the mixing at a distance of the order

of about 6", which corresponds to a reaction time of 1,7x 10_4, This
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¥IG, IV-7., Direct Photograph of Air Hydrogen Combustion
T =1300°K; T =970°; u./u_=0,28
s, sj j e
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FIG. IV-8. Direct Photograph of Air Hydrogen Combustion
T =1300°9K; T =970°K; u.,/u =0,92
S 5 i’ e
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FIG. IV-9, Direct Photograph of Air Hydrogen Combustion
T =13009K; T =9609; u,/u =1.21
S, sj i’ e

100




Ol

20
n/°'n JO §INTRA SNOLIVWA JI0F UWOlIsNqUIOD JO uoneueseIday

(sayout) x

SpRwWAYDS ‘N1-A "DI4

101




agrees with the measured value. The shape of the flame downstream of
this point gives the measure of the velocity of turbulent diffusion of the

hydrogen normally to the stream.

If the velocity U increases, then the time required for initiation
of the combusticn at tke axis increases; however, the outside conditions
do not change. This is shown from photographs in Figures IV-8 and -9.
If uj= 0.92 u,, the static temperature, and therefore, the reaction time
are about the same as before; however, the reaction length at the center
is larger because of the increase in velocity. The combustion starts at
a distance of the order of 6''. The flame outside has the same shape as

before.

the hydrogen temperature is

For the condition u;=1.21 u,

slightly lower. The flame has the same general configuration as for

uy = 0.92 u,; however, it starts slightly downstream of the preceding
case. The difference is of the order of 1", Thie wnild indicate a voria-
tion or mixing length of the order of 13%; this is in qualitative agree-
ment with the mixing tests. All the photographs indicate that the velocity
of propagation of the flame nomal to the stream increases moving
downstream with the flow. This can be attributed to a gradual axial
pressure rise connected with the heat release due to combustion. These
tests indicate that the reaction time calculated is in agreement with
experiments. It also confirms the results of the mixing experments
which indicate that the mixing is fast when uj<Ue and decreases only

gradually when u; increases without any signiicant changes at uj=Ue .

In all the tests presented before the process of heat release

is relatively slow, and therefore the local pressure rise due to com-
bustion is small and gradual. The schlieren pictures for such flows
indicate that the compression generated by combustion waves does not
form an envelope, and shocks are not foind in the flow. However, the
absence of shock is directly dependent on the mechanism of heat release
and on the dimensions and type of boundary of the air jet. Shocks can

be produced either by changing the geometry of the air jet or by
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accelerating and increasing the mechanism of heat release. Photographs
in Figures IV-11 and -12 are proof of such possibilities, Both photo-
graphs are a composition obtained by superimposing a schileren photo-

graph to a flame photograph taken from the same experiment.

The windows for the two photographs are not of the same dimen-
sions and the schlieren axis is perpendicular to the axis of the flow,
while the {lame photograph is inclined with respect to the axis of the flow
as shown in Figure IV-1. Therefore a difference of angle exists for the
two data. However the superposition is qualitatively correct and gives a
correct impression of the relation between heat release and shock

formation.

Two different tests have been performed in order to indicate the
effect of the two parameters, mechanism of heat release and boundary

conditions,

The photograph of Figure IV-1l corresponds to stagnation con-
ditions Tg = 1440°K, Tsj= 9350%K, and uj=0.28 ue. For these conditions
the reaction rate is about twice as fast as for the case of Figure IV-7
and therefore the heat release is faster. At the same time, the mixing
rate increases when combustion takes place because of the pressure
rise due to heat release; therefore, as scon as the combustion rate
increases the mixing rate also increases, and consequently the heat
release becomes much faster. The faster rate of heat rclease produces
stronger pressure rise and, therefore, produces shocks. For the case
shown in Figure IV-12 the stagnation temperature of the air is equal to
1170°K and the hydrogen temperature to 362°K, therefore, the com-
bustion rate for a given concentration is lower., However in this test
the mixing process has been strongly augmented by creating a positive

pressure gradient along the axis of the mixing stream.

The hydrogen jet at the exit of the injector is subsonic, while
the air jet is supersonic, therefore, for a short length the central
part of the mixing region is subsonic. If a pressure rise is produced

in the flow, in some region not too far from the exit of the injector,
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FIG, IV-11. Direct and Schlieren Photographs of Air Hydrogen Combustion
T_ =1440°K; T_ =935%K; u./u =0.28
Se s i e
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FIG. IV-12, Direct and Schlieren Photographs of Air Hydrogen Combustion
T =12809K; T =380°K; u,/u =0.27;p /p, =1.4
Se Sj i’ e a’""b
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this disturbance can trave! upstream threugh the subsonic central part
and from the center propagates into the supersonic region  Then the
velocity of the central part of the mix:ing 1ends (¢ decrease because of
the pressure rise, while the mixing tends to producc the ocpposite
effect. As a consequence the mixing is sirongly increased. specifi-
cally if the velocity at the center is low  in the present test. the static
pressure rise has been produced by increasing the static pressure in
the discharge chamber to a value of 1.4 the static pressure of the air
stream at the exit of the nozzle, Then a shock is produced at the end
of the nozzle that travels toward the axis and reachcs the axis some-
what downstream of the region where combustion starts. The shock
produces a pressure rise in the central part of the mixing where the
stream is still subsonic. The pressure rise decreascs the velocity and
tke mixing sharply increases the heat relecase While shocks would not
be foermed in this region in absence of combustion the rapid com-

bustion process produces sufficient changes in density and pressure to

create shocks as shown by the photograph

Consider now test series 3. For this series the hydrogen is
cold, therefore, combustion can occur only when the concentration is
low. The flow travel for combustion as function of concentration
increases very rapidly for values of concentrations between 0 and 0.1,
because this change corresponds to a temperature change between
942°K and 600°K for uj = 0.1 u, and between 942°K and 560°K for
uj=0.78 Ue - Therefore combustion can take diace only in regions
where the concentration is soriewhat tess than 0.1C  The velocity of
the jet for K=0.1 changes from 2667 {¢/s¢¢ to 2933 f1/sec when uj
changes from 0.1 to 0.78 uy - This change ot ¢ is smail and therefore
it can be assumed that the jet velocity at K< 0.' 1s ahout the same

-1 <14 and -15 show

independently of the valuc of ;. Figares IV
N J
the flame shape for L—Il =0.78. 0.525 and 0 ! respectively., For high
. € .- .
velocity of the hydrogen jet (uj/ue =0 78 and 0 525) (e concentration
below 0.1 is reached first in the outside region of the mixing zone. and

the flame initiates there. For the temperatares and veiocities of the
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FIG. IV-13. Direct Photograph of Air Hydrogen Combustion
T_ =1320°K; T_ =3309K; u./u =0,78
Se Sj ) €
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FIG. IV-14,

Direct Photograph of Air Hydrogen Combustion
T =1320°K; T =340°K; u,/u =0,525
S 8 i’ e
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FIG. IV-15, Direct Photograph of Air Hydrogen Combustion
T =1320°K; T =380°K;u./u =01
S sj j' e
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experiments the flow travel for combustion for K<0.1, determined on
the basis of the calculated reaction rates, is equal to 6.5", The photo-
graphs of Figures IV-13 and -14 give for this distance a value of 5.5",
The smaller value of flow travel for combustion given by the experi-

ments is justified by the presence of the boundary layer.

For very low values of U s ——LL% =0.1, the combustion starts at
the center. This indicates that a very short flow travel is required to
completely mix hydrogen and air when the velocity of the hydrogen is
small, so that very low hydrogen concentration is obtained at the axis.
Again this rapid mixing can be attributed to the presence of the boundary
layer in the air stream. For very low uj the mass of the hydrogen jet
is of the same order of the mass of the air boundary layer, then the
mixing is fast and the travel is short, because of the lowesr velocity of

the boundary layer air.

The last experimental investigation on combustion presented
here is related to the study of effects of pressure variation on reaction
rates. For this series of tests the values of u.j/ue and the stagnation
temperatures of hydrogen and air have been kept constant while the
static pressure has been changed. The mixing process is only slightly
effected by the pressure changes because the flow is turbulent, there-
fore, the variation of flame position can be attributed to the effect of
the variation of the static pressure on the reaction rate. In Section IT
an approximate equation has been derived for the ignitior delay as
function of temperature [Eq. (II-5.1)]. This equation relates the
induction time to the values of the static pressure and temperature.
The relation is a function of the values of the chemical reaction rates.
The experiments permit measuring the distance between the exit of the
jet and the initiatior of the flame; therefore it permits checking the
approximation of such an equation and of the reaction rates used. In
order to have ar accurate indication of the mixing length, the tests
were performed with air at 1440°K and hydrogen cold, 380°K, so that

the combustion wiil start only for very low values of concentration
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(below K=0,05). For such conditions the velocity of the mixture is
equal to the velocity of the air, and the travel required for mixing is
negligible, because of the rapid mixing process and of the low values

of concentration required for combustion,

An analysis of the photographs indicates that the flame
front has a discontinuity. This discontinuity is due to the presence of
the boundary layer in the air stream. As it has been explained before,
the small amount of combustion that occurs before the discontinuity is
due to the low velocity part of the boundary layer. The distance used
for the determination of the reaction time is the distance between the
end section of the hydrogen injector and the discontinuity on the flame
front which corresponds to a mixture having a velocity equal to the
free stream velocity of the air. Figure IV-16 shows a comparison
between the analytical results and the combustion times determined
from the distances given by the experiments. The comparison indicates

that the analysis is in good agreement with the experimental results.

SECTION V

CONCLUSIONS

The theoretical and experimental investigation reported herein
indicates that for the range of conditions investigated the analysis of
chemical reactions between hydrogen and air is sufficiently accurate to

permit fluid dynamic analysis of the flow field and interpretation of

experimental data connected with supersonic diffusion flames. The fluid

dynamic problem is complex and requires a better quantitative under-

standing of mixing problems.

The experimental results indicated that turbulent mixing of
hydrogen air stream is fast and at present can be predicted, at least

qualitatively, by analyses; however, variations to the incompressible




type of expression of eddy viscosity must be introduced. Such modifi-

cations seem cailed on for physical grou=d The presence of air boundary

layer strongly affects the mixing and ro: .. e taken into account.

On the basis of these results it appears that additional work along

the lines indicated in the report is required to improve the analysis of

the fluid dynamic aspects of supersonic diffusion flames; the chemical

aspects of the problem are well understood for the range of parameters

investigated in the experiments reported here and in related work else-

where. Thec question of the effect of turbulence on the chemical kinetics

is still open.
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